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Whnt signaling plays a key role in cell proliferation and development.
Recently, casein kinase | (CKI) and protein phosphatase 2A (PP2A)
have emerged as positive and negative regulators of the Wnt path-
way, respectively. However, it is not clear how these two enzymes
with opposing functions regulate Wnt signaling. Here we show that
both CKI5 and CKle interacted directly with Dvl-1, and that CKI
phosphorylated multiple components of the Wnt-regulated B-catenin
degradation complex in vitro, including DvI-1, adenomatous polyp-
osis coli (APC), axin, and B-catenin. Comparison of peptide maps from
in vivo and in vitro phosphorylated gB-catenin and axin suggests that
CKI phosphorylates these proteins in vivo as well. CKI abrogated
B-catenin degradation in Xenopus egg extracts. Notably, CKI de-
creased, whereas inhibition of CKl increased, the association of PP2A
with the B-catenin degradation complex in vitro. Additionally, inhi-
bition of CKIl in vivo stabilized the B-catenin degradation complex,
suggesting that CKI actively destabilizes the complex in vivo. The
ability of CKI to induce secondary body axes in Xenopus embryos was
reduced by the B56 regulatory subunit of PP2A, and kinase-dead CKle
acted synergistically with B56 in inhibiting Wnt signaling. The data
suggest that CKI phosphorylates and destabilizes the p-catenin deg-
radation complex, likely through the dissociation of PP2A, providing
a mechanism by which CKI stabilizes B-catenin and propagates the
Wnt signal.

he Wnt signaling pathway is a critical regulator of embryonic

development and cellular proliferation (1, 2). In the absence of
Whnt, B-catenin is phosphorylated by glycogen synthase kinase 33
(GSK3p) in a complex that also contains adenomatous polyposis
coli (APC) and axin, targeting p-catenin for ubiquitination and
degradation. When Wnt binds to the frizzled receptor, disheveled
(Dvl/Dsh) is hyperphosphorylated and activated. Dvl activation
leads to inhibition of GSK3p, decreased phosphorylation of axin,
APC, and B-catenin, and stabilization of B-catenin. B-catenin is
then translocated to the nucleus where it binds to Lef/Tcf proteins
and stimulates expression of Wnt-responsive genes.

Multiple proteins have recently been identified as regulators of
B-catenin signaling. Protein phosphatase 2A (PP2A), a heterotri-
meric serine/threonine phosphatase (3), interacts via its B56 reg-
ulatory subunit with APC, Dsh, and axin (4-7), whereas its catalytic
C subunit interacts with axin (8, 9). Inhibition of PP2A by okadaic
acid increases, whereas B56 expression decreases, B-catenin abun-
dance in 293 cells. In Xenopus, B56 reduces both Xwnt-8-induced
secondary axes and siamois and Xnr-3 expression. PP2A:B56 is
likely to be a component of the B-catenin degradation complex
because epistasis positions B56 downstream of GSK3 and axin but
upstream of APC and B-catenin, and axin coimmunoprecipitates
PP2A:B56, C, and structural A subunits. PP2A C and A also rescue
Wnt-induced secondary axes, and PP2A activity is required for
B-catenin degradation in Xenopus egg extracts (4, 7).

Recent studies have implicated casein kinase I (CKI), a serine/
threonine protein kinase, as a positive regulator of B-catenin
signaling. Two independent screens found that CKI induces axis
duplication in Xenopus embryos (10, 11). CKI functions down-
stream of Dsh and upstream of GSK3p, interacts with Dsh, and
coimmunoprecipitates with axin, GSK3, and Dvl-3. CKI increases
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Dsh phosphorylation in Xenopus oocytes (10, 12), and direct
phosphorylation of Dsh by CKI was demonstrated by mobility shift
and P incorporation (12). CKI8 and CKle are closely related,
because their kinase domains are 98% identical and each contain
a 53% identical C-terminal tail that inhibits CKI§/e when auto-
phosphorylated. Sakanaka et al. (11) found that CKle lacking the
C-terminal tail does not induce a secondary axis in Xenopus
embryos or coimmunoprecipitate with axin, suggesting that this
domain is important for Wnt signaling. The role of CKle, which is
77% identical to CKle and lacks a C-terminal tail, in Wnt signaling
is not clear, because one group reported that CKla induces a
secondary axis in Xenopus embryos (10, 12), whereas another found
that it does not function in Wnt signaling (11). The physiological
target(s) of CKI in the Wnt pathway are not yet known.

To investigate the mechanism by which CKI activates Wnt
signaling, we explored the interaction of CKI with various regula-
tors of B-catenin signaling. We find that CKIé and CKle, but not
CKla, interact directly with Dvl-1. CKI phosphorylates several
components of the B-catenin degradation complex in vitro. In
addition, CKI phosphorylates axin and -catenin on major in vivo
phosphorylation sites. A principal function of CKI may be to
regulate the interaction of PP2A with the B-catenin degradation
complex, because CKI decreases, whereas inhibition of CKI in-
creases, PP2A bound to axin and B-catenin. Supporting the inter-
play between CKI and PP2A, epistasis analyses show that CKI
functions upstream of B56, and B56 acts synergistically with kinase-
dead CKI to rescue Xwnt-8-induced secondary axes. The data
suggest that CKI is recruited to the B-catenin degradation complex,
perhaps by Dvl, where it phosphorylates Dvl-1, APC, axin, and
B-catenin, resulting in the dissociation of PP2A from the B-catenin
degradation complex and decreased B-catenin degradation.

Materials and Methods

Materials. Anti-B-catenin and anti-GSK3p antibodies were from
Transduction Laboratories (Lexington, KY); anti-Flag M2 and
anti-Flag M2-agarose were from Sigma; and anti-HA mAb F-7 was
from Santa Cruz Biotechnology. Anti-PP2A C and A antibodies
have been described (13). Anti-CKla antibodies were made to an
N-terminal peptide. Anti-CKI8/¢ antibodies recognize their shared
N terminus (14). CKI proteins were expressed in Escherichia coli
and purified as described (14). CKI-7 was from Seikagaku Kogyo
(Tokyo) and IC261 was a gift from G. Keesler, Aventis Pharma-
ceuticals, Bridgewater, NJ.

Yeast Two-Hybrid Assay. CKI genes were cloned into pBTM116-
URA3 to express LexA fusion proteins. Dvl-1, axin, B-catenin,
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B-TrCP, APCRI (amino acids 1-1121), APC25 (amino acids
1014-2032), GSK3B, and B56a were cloned into pGAD-GH
(15) to express GAL4 transcriptional activation domain
(GALA4AD) fusion proteins. LexA plasmids were transformed
into Saccharomyces cerevisiae strain DY 151 (MAT o ade2-1 canl-
100 his3-11,15 leu2-3,112 trp1-1 ura3) and GAL4AD plasmids
into D5735 (MATa LYS2:lexA:HIS3 ura3:ADE2:lexA:lacZ). The
mating assay was performed as described (16, 17). Diploids were
grown on SD-Ura~"LeuHis™ plates with 1 or 3 mM 3-amin-
otriazole (3-AT).

In Vitro Transcription/Translation and Coimmunoprecipitation. Tem-
plates were amplified from pGAD-GH by using the following
primers: 5'-GGATCAATTAACCCTCACTAAAGGGAA-
CGCCGCCA CCATGGATGATGTATATAACTATCTAT-
TCGATG-3" and 5'-GAGCGCGCGTAATACGACTCAC
TATAGGGCGAAAT-3'. Proteins were synthesized separately
by using the TNT System (Promega; ref. 18) and then mixed and
incubated at room temperature for 1.5 h in the presence of
anti-HA-mADb agarose. Immunoprecipitates were washed four
times with IP buffer (50 mM Tris-HCI, pH 7.5/137 mM NaCl/
10% glycerol/0.1% Nonidet P-40). Bound proteins were eluted
with SDS-loading buffer, separated by SDS/PAGE, and dried
and analyzed using a Molecular Dynamics PhosphorImager.

32p-Labeling and Phosphopeptide Mapping. Cell culture, transfec-
tion, and lysate preparation was performed as described (4, 19),
except in the case of B-catenin, where cells were incubated with
40 uM lactacystin for 3 h before harvest. Immunoprecipitations
were performed with 300 ug of lysate protein. Immunoprecipi-
tates were washed three times with IP buffer, once with KR
buffer (50 mM Tris'HCI, pH 7.5/10% glycerol/10 mM MgCl,)
and the volume adjusted to 30 ul with KR buffer. The kinase
reaction was initiated by addition of 100 nM CKI8A319 and 10
uM [y-*?P]ATP (5 uCi/nmol; 1 Ci = 37 GBq) and incubated for
20 min at 30°C with gentle shaking. The reaction was terminated
by addition of SDS-loading buffer and heating at 100°C for 3 min.
The samples were analyzed by SDS/PAGE and immunoblotted
on poly(vinylidene difluoride) (PVDF) membranes. The mem-
branes were then air dried, and 3?P-incorporation was deter-
mined by Phosphorlmager analysis. Tryptic phosphopeptide
maps were prepared as described (20, 21). For in vivo 3?P
labeling, cells were labeled with 2 mCi [3?P]orthophosphate in 1
ml of phosphate- and serum-free DMEM for 3 h. Wnt3a-
conditioned medium (0.35 ml) was added for the last 15 min of
labeling. Immunoprecipitates were analyzed as described above.

Stability of Axin and B-Catenin Complexes. For in vitro assays, 450 ug
of lysate protein from adenovirus-transformed human embryonic
kidney (293) cells expressing Myc:axin or Myc:B-catenin were
incubated with 30 ul of 50% anti-Myc-Sepharose in IP buffer
supplemented with 10 mM MgCl,, 170 uM ATP, and Complete
protease inhibitors (Boehringer Mannheim). Either 480 nM Hise-
CKIeK38R (K38R) and 250 uM CKI-7 (22), or 180 nM CKle were
added to the incubations. Immunoprecipitations were carried out as
described. Samples were analyzed by SDS/PAGE and immuno-
blotting. The membranes were stripped and reprobed with the
indicated antibodies. For in vivo assays, 293 cells expressing Myc: 3-
catenin were incubated in media containing 40 uM IC261, a
membrane-permeable CKI8/e-specific inhibitor (23), or DMSO,
for 1 h before lysis. Cells were homogenized in IP buffer supple-
mented with 40 uM IC261 or DMSO. Immunoprecipitations and
immunoblotting were performed as described above.

RNA Microinjections. RNA was synthesized using mMessage mMa-
chine (Ambion) and purified using RNeasy (Qiagen, Chatsworth,
CA). Xenopus embryos were microinjected at the four-cell stage
near the equatorial midline in one ventral cell, and scored after 3
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Table 1. Specificity of the CKI/DvI-1 interaction

3-AT CKle K38R K38RA319 CKl18 CKla
1TmM A+ +++ ++ ++ -
3mMm 4+ ++ + + -

Yeast containing the indicated LexA:CKI constructs were mated to yeast
containing a DvlI-1/GAL4AD fusion construct. The ability of the resulting
diploids to grow on synthetic media lacking histidine and supplemented with
1 or 3 mM 3-AT was assessed. Yeast colonies were scored — to ++++,
indicating the level of growth after 3 days.

days at room temperature. The following amounts of RNA were
microinjected: CKI8, 2.5-6.5 ng; CKle, 1.75-4.75 ng; CKIeK38A
(K38A), 1.13-2 ng; B56a, 200-250 pg; Xwnt-8, 15 pg. The pheno-
types of the embryos were categorized by degree of secondary axis
formation: complete, each head possesses a complete complement
of eyes and cement glands; incomplete, one head possesses an
incomplete complement of cement gland and eyes; or vestigial, the
secondary axis lacks a cement gland and eyes. The B56/CKI data
sets were analyzed using a stratified Wilcoxon rank-sum test with
exact inference (STATXACT software, Cytel, San Diego). This is a
nonparametric test for difference in the median of two ordered
categorical responses. The B56/K38A data set was analyzed using
a continuation ratio model that was fitted (using SAS software, SAS
Institute, Cary, NC) with separate covariates for the applied
treatments and an interaction term. Stratification by the day of
experiment was used to adjust for day-to-day variability of embryos
and two-sided P values are reported.

Results

Direct Interaction of CKI with Wnt Signaling Components. To address
the mechanism by which CKI enhances -catenin stability, we
first investigated its interactions with other components of the
Whnt pathway. Directed two-hybrid assays were performed using
CKIe and various Wnt pathway candidates. CKIe interacted with
Dvl-1, but no interactions were detected with axin, B-catenin,
B-TrCP, APCRI, APC25, B56«, or GSK3p (data not shown).

The characteristics required for the CKI/Dvl-1 interaction were
determined using two-hybrid assays (Table 1). Kinase-dead CKle
(K38R) interacted with Dvl-1 about as efficiently as wild type. Dvl-1
interacted with CKle lacking the C-terminal tail (K38RA319),
although with decreased strength. CKI& interacted almost as
strongly with Dvl-1 as did CKle, although CKle did not (Table 1).
Therefore, there is a kinase activity-independent interaction be-
tween CKI§/e and Dvl-1 that is enhanced by the C-terminal tail.

Coimmunoprecipitation of CKI and Dvl-1. To confirm the two-hybrid
results, specific components of the Wnt signaling pathway were
expressed in reticulocyte lysates and then mixed with Hiss-CKle.
Hise-CKle strongly coimmunoprecipitated Dvl-1 and weakly coim-
munoprecipitated axin; B-catenin, B-TrCP, APCRI, APC25, B56q,
and GSK3p were not coimmunoprecipitated (data not shown). To
determine whether CKI kinase activity was required for the inter-
action, CKle, K38R, Dvl-1, and axin were expressed separately in
reticulocyte lysates and then mixed. CKle coimmunoprecipitated
Dvl-1, and there was a low but reproducible immunoprecipitation
of axin. Consistent with the results of the two-hybrid assay, coim-
munoprecipitation was equally effective with K38R (Fig. 14).

To confirm these results in vivo, HA:Dvl-1 was expressed in
293 cells, immunoprecipitated, and the immunoprecipitate was
analyzed for the presence of coimmunoprecipitating proteins. As
Fig. 1B shows, HA:Dvl-1 coimmunoprecipitated endogenous
CKI18/¢, whereas neither CKla, nor other components of the
Wnt pathway, including PP2A A and C, GSK3, and B-catenin
(data not shown), were found in the immunoprecipitate. There-
fore, CKI18/¢ interacts with Dvl-1 both in vitro and in vivo.
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Fig. 1.  CKI3/e interacts with Dvl-1. (A) CKI coimmunoprecipitates Dvl-1. In
vitro translated proteins were loading directly (Input), or incubated either
alone (-), or with CKle or K38R. The samples were immunoprecipitated with
anti-HA and coimmunoprecipitating proteins were detected by SDS/PAGE
and Phosphorimager analysis. (B) Dvl-1 coimmunoprecipitates CKI5/¢, but not
CKla. HA: DvI-1 was immunoprecipitated from 293 cells with anti-HA and the
lysate and pellet were probed with anti-HA, anti-CKI§/¢, and anti-CKla anti-
bodies. The experiments were repeated twice with similar results.

CKI8/< Phosphorylates Dvl-1, APC, Axin, and B-Catenin in Vitro. To
directly determine which components of the Wnt pathway are in
vitro substrates of CKI, various epitope-tagged proteins were ex-
pressed in 293 cells, immunoprecipitated, and then incubated with
[v-*?P]ATP with or without added CKI. For these experiments,
CKI5 lacking the C-terminal tail (CKI8A319) was used, because the
C-terminal tail of CKI reduces its activity in in vitro assay systems
(14). As shown in Fig. 2, Dvl-1, APCRI, APC25, axin, and B-catenin
were all phosphorylated by CKI6A319. CKI did not phosphorylate
GSK3, B56«, or B-TrCP. Phosphorylation was not due to copre-
cipitating kinases, because there was minimal phosphorylation of
the immunoprecipitated proteins when [y-3P]ATP was added
without CKI. In the case of Dvl-1, however, there is a somewhat
higher level of background phosphorylation, presumably due to
coimmunoprecipitation of endogenous CKI (Fig. 1B). These results

Dvl-1

APCRI APC25 Axin

suggest CKI is capable of directly phosphorylating multiple com-
ponents of the Wnt pathway in vitro.

CKI Phosphorylates B-Catenin and Axin on Major in Vivo Sites. To
further explore the finding that multiple Wnt pathway proteins
may be physiological substrates of CKI, we compared the in vivo
and in vitro CKI-phosphorylated tryptic phosphopeptide maps of
B-catenin and axin. 3*P-labeled cells were stimulated with Wnt3a
conditioned medium before lysis. Consistent with previous re-
ports, the Wnt3a-conditioned medium increased B-catenin
abundance (Fig. 3D). In vitro, CKI phosphorylated multiple
B-catenin peptides, whereas in vivo, B-catenin accumulated
phosphate on only three peptides (labeled A, B, and C in Fig. 3
A-C). Mixing equal amounts of radioactive peptides from in vivo
and in vitro phosphorylated B-catenin demonstrated that CKI
phosphorylates B-catenin in vitro on sites that are phosphory-
lated in vivo, namely peptides A, B, and C. In the case of axin,
the in vivo and in vitro labeled protein shared phosphopeptides
A and B. These results are consistent with the hypothesis that
CKI phosphorylates B-catenin and axin in vivo.

CKI Abrogates B-Catenin Degradation in Xenopus Egg Extracts. CKI
activates Wnt signaling, phosphorylates multiple components of the
B-catenin degradation complex, and increases B-catenin abundance
inin vivo systems (10, 11). To test whether CKI can directly increase
B-catenin abundance, we used an in vitro assay of B-catenin
degradation in Xenopus egg extracts (7, 24). B-catenin was degraded
in egg extracts with a half-life of less than 1 h (Fig. 4). Addition of
CKIeA319 abrogated B-catenin degradation. CKIeA319 was not a
general inhibitor of proteasome-mediated degradation, because it
did not block the degradation of '?*I-ubiquitinated lysozyme (data
not shown). K38RA319 had no effect on B-catenin degradation
(data not shown). These results suggest that CKI can directly
increase (3-catenin abundance, that the kinase activity of CKI is
required for this effect, and that CKI is present in limiting quantities
in Xenopus egg extracts.

CKle Destabilizes the g-Catenin Degradation Complex. To determine
whether the ability of CKI to phosphorylate multiple compo-
nents of the B-catenin degradation complex leads to a longer
B-catenin half-life through destabilization of the complex, we
assessed the effect of CKI on the integrity of the B-catenin
degradation complex. Initial assays using transient transfection
of wild-type and kinase-dead CKI were complicated by nonspe-
cific effects on expression of cotransfected plasmids, a result also
seen by others (P. Polakis, personal communication); therefore,
a biochemical approach was taken. Lysates from 293 cells
expressing Myc:axin or Myc:B-catenin were incubated with
anti-Myc-Sepharose either alone or with 180 nM CKIe. Myc:axin
and Myc:B-catenin coimmunoprecipitated endogenous PP2A C,
PP2A A, GSK3pB, and pB-catenin (Fig. 5 A and B). After
incubation of the lysates with CKle, however, there was a
decrease in PP2A C and A subunits coimmunoprecipitating with
both axin and B-catenin (Fig. 5 A and B). The quantity of

B-cat B-TrCP B56c. GSK3
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7 anti-Myc

anti-HA

CKI phosphorylates multiple components of the Wnt pathway. The indicated epitope-tagged Wnt pathway components were expressed in 293 cells and

then immunoprecipitated and incubated with [y-32PJATP with or without CKISA319. Phosphorylation was assessed by SDS/PAGE and Phosphorimager analysis,
and tagged proteins in the pellet were assessed by immunoblotting. The experiments were repeated twice with similar results.
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CKI phosphorylates B-catenin and axin on major in vivo sites. Tryptic phosphopeptide maps of B-catenin (A-C) and axin (E-G). The major

phosphopeptides are indicated with letters; uppercase letters denote shared peptides, whereas lowercase letters denote unique peptides. (D) The immunoblot
confirms the effects of Wnt3a on endogenous B-catenin accumulation in 293 cells. a-Tubulin serves as a loading control. (H) The diagram represents the directions
of electrophoresis and chromatography. The experiments were repeated twice with similar results.

coprecipitating GSK3p and B-catenin did not vary substantially.
The decrease in PP2A in the immunoprecipitate was not due to
variation in the efficiency of the immunoprecipitation, because
the immunoprecipitation of axin and B-catenin was comparable
in the presence or absence of CKI. In addition, it was not due to
a global decrease in PP2A abundance, because CKle caused no
discernible change in the amount of PP2A present in the lysate
or supernatant.

Because CKI decreased the association of PP2A C and A
subunits with axin and B-catenin, we determined whether inhibiting
CKI enhances PP2A binding. Lysates from 293 cells expressing
Myc:axin or Myc:-catenin were incubated with both 480 nM K38R
and 250 uM CKI inhibitor CKI-7 to completely block endogenous
CKI activity present in the extract. Inhibition of CKI increased the
amount of endogenous PP2A C and A subunits coimmunoprecipi-
tating with axin and B-catenin (Fig. 54 and B). Additionally, there
was a reproducible increase in endogenous GSK3 and B-catenin
coprecipitating with Myc:axin, and in endogenous GSK3p copre-
cipitating with Myc:B-catenin.

To examine this phenomenon under more physiological condi-
tions, the consequence of CKI inhibition on the stability of the
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Fig. 4. CKI abrogates B-catenin degradation in Xenopus egg extracts. Re-

ticulocyte lysate-expressed [3°S]B-catenin and luciferase were incubated in
Xenopus egg extracts with or without 1.15 uM CKleA319. Protein degradation
was assessed by SDS/PAGE and autoradiography. Data from three separate
experiments are plotted as the ratio of B-catenin to luciferase + SEM.
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B-catenin degradation complex was investigated in vivo. 293 cells
expressing Myc:B-catenin were incubated with 40 uM IC261, a
membrane-permeable CKI8/e-specific inhibitor, and the stability
of the B-catenin degradation complex was determined by coimmu-
noprecipitation. Inhibition of CKI increased the amount of endog-
enous PP2A C, PP2A A, and GSK3 coimmunoprecipitating with
Myc:B-catenin (Fig. 5C), providing an in vivo confirmation of this
phenomenon. In summary, the decreased association of PP2A C
and PP2A A with the B-catenin degradation complex observed in
in vitro assays in the presence of elevated CKI activity, and the
increased association of PP2A C, PP2A A, GSK3p, and B-catenin
observed in both in vitro and in vivo assays with CKI inhibition,
suggest that CKI destabilizes the B-catenin degradation complex.

Epistasis Places CKI Upstream of the B56 Regulatory Subunit of PP2A.
CKI and PP2A functions appear to be linked through their
association with the B-catenin degradation complex (7). The
ability of CKI to decrease, and the inhibition of CKI to increase,
PP2A association with the B-catenin degradation complex sug-
gests that these proteins may be proximate to one another in
the Wnt pathway. To further dissect their points of action, we
positioned their activities in the Wnt pathway by using molecular
epistasis analyses. Xenopus embryos were ventrally microin-
jected with CKI and either B56a or B-galactosidase (B-gal)
RNA. The microinjection of CKI®6 resulted in complete, incom-
plete, and vestigial secondary axes at a frequency of 9%, 9%, and
34%, respectively. BS6a blocked CKIé-induced secondary axes,
because 92% of the embryos were now wild type and only 2%
had secondary axes, all of which were vestigial (Fig. 6 A-C). The
microinjection of CKle resulted in complete, incomplete, and
vestigial secondary axes at a frequency of 20%, 20%, and 31%,
respectively. B56a reduced the extent of CKle-induced second-
ary axes; none had a complete axis, 6% had an incomplete axis,
and 46% had vestigial axes, whereas 48% were now wild type
(Fig. 6 D-F). Therefore, B56 rescues secondary axes induced by
CKI, placing B56 downstream of CKI.

Kinase-Dead CKle and B56 Synergistically Inhibit Wnt Signaling.
Kinase-dead forms of CKI inhibit Wnt signaling (10, 11), pre-
sumably by competing with wild-type CKI for binding to the
B-catenin degradation complex. Because we found that inhibi-
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CKle destabilizes the B-catenin degradation complex in vitro and in vivo. Lysates from 293 cells expressing (A) Myc:axin or (B) Myc:B-catenin were

incubated alone (-), with 180 nM CKle (CKle), or with 480 nM K38R and 250 uM CKI inhibitor CKI-7 (K38R) in the presence of anti-Myc-Sepharose. The pellet and
10% of the supernatant were analyzed by SDS/PAGE and immunoblotting. (C) 293 cells expressing Myc:B-catenin were incubated with DMSO or 40 uM 1C261
before harvest and anti-Myc-Sepharose immunoprecipitation. The immunopellets were analyzed by SDS/PAGE and immunoblotting. Each experiment was

repeated twice with similar results.

tion of CKI increases the association of PP2A with the B-catenin
degradation complex, the presence of both ectopic kinase-dead
CKI and B56 may cooperatively enhance PP2A bound to the
complex. Therefore, we tested the ability of B56 and K38A to
cooperatively reduce secondary axes induced by Xwnt-8 in
Xenopus embryos (25). B56 and K38A each reduced secondary
axes when coinjected singly with Xwnt-8 (Fig. 74—C). Moreover,

100 60

B - - - - - - — - - - =

g BCKle/B-gal

Seo- - - -| | MCKId/B-gal | 40r WCKle/B-ga

B BICKI3/B560: | g0f- ?C}*@szg_m_a
0 - - - %
Yo -0 - 10
o 5

Vent. Vest Incom. Com. Yotk oo G

° ‘,E‘rher?gtypmgm " Pﬂenontyogg

Fig.6. B56 acts downstream of CKI. Xenopus embryos were injected with CKI&
and (A) B-gal or (B) B56«; or CKle and (D) B-gal or (E) B56a RNA. (Cand F) Diagrams
depicting the degree of axis formation in CKI§ and CKle injected embryos,
respectively. Vent., ventralized; WT, wild type; Vest., vestigial secondary axis or
slightly dorsalized; Incom., incomplete secondary axis; Com., complete secondary
axis. The data shown are from a representative experiment which was performed
five times for an n of 236 (CKI5/B-gal) or 231 (CK18/B56a), or six times for an n of
290 (CKle/B-gal) or 288 (CKle/B56a). The statistical analysis was carried out on the
cumulative experiments, and the difference between the phenotypes resulting
from B-gal and B56a RNA injections in both the CKI5 and CKle experiments is
highly significant (P value < 1074).
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Xwnt-8/B56/K38A-injected embryos displayed a further reduc-
tion in secondary axes (Fig. 7D). As shown in Fig. 7E, the
Xwnt-8/B56/K38A-injected embryos showed a greater than

Xwnt-8/B56a/K38A

0.6 [-e-xwnt-8
4-Xwnt-8/B560. E
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g -=-Xwnt8/B56a/K38A
5 -+ -prediction for additive effect
£0.4
wi
©
s
-,30‘2
b
(I
0% , . . .
Vent. WT Vest. Incom. Com.
Phenotype

Fig. 7. B56 and kinase-dead CKl synergistically inhibit Wnt signaling. Xeno-
pus embryos were injected with Xwnt-8 and (A) B-gal, (B) B56¢, (C) K38A, or
(D) B56a/K38A RNA. Equal amounts of each RNA were injected per embryo,
except for B-gal, which was used to normalize total RNA injected per embryo.
(E) The graph is a plot of the fitted distribution of responses across the
phenotypes from a representative experiment. The injections were performed
eight times for an n of 365 (Xwnt-8), 365 (Xwnt-8/B56«), 369 (Xwnt-8/K38A),
or 368 (Xwnt-8/K38A/B56a). The statistical analysis shows that there is a
synergistic interaction between K38A and B56¢, because the phenotypic shift
is greater than that predicted for an additive interaction (P value = 0.0066).
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additive shift toward a wild-type phenotype, revealing that BS6
and K38A act synergistically in reducing Xwnt-8 signaling.

Discussion

CKI and PP2A are positive and negative regulators of Wnt signal-
ing, respectively. CKI increases -catenin abundance and induces
secondary axes in Xenopus embryos through its activation of Wnt
signaling (10, 11). PP2A promotes B-catenin degradation and
blocks Wnt signaling (4, 7). We have found that the roles of CKI and
PP2A in Wnt signaling may be intertwined. CKI may activate Wnt
signaling by phosphorylating key members of the B-catenin degra-
dation complex and dissociating PP2A from the complex.

Our studies show that CKId and CKle, but not CKle, interact
with Dvl-1 both by two-hybrid analyses and by coimmunopre-
cipitation. We were unable to demonstrate a direct interaction
between CKI and axin, but did see a low but reproducible
coimmunoprecipitation of axin with CKI. Because CKI phos-
phorylates axin in vitro on major in vivo sites, CKI and axin may
interact transiently in a manner that is difficult to detect by
two-hybrid analysis or coimmunoprecipitation. Two-hybrid data
suggest that the CKI5/e C-terminal tail may stabilize the Dvl-1
interaction. However, the C-terminal tail was not essential for
CKI to phosphorylate Wnt pathway substrates in vitro, or to
inhibit B-catenin degradation in Xenopus egg extracts. Interest-
ingly, CKI8 did not interact with Dvl-1 as strongly as CKle,
suggesting that the differential interaction of CKIé and CKle
with Dvl-1 may be due to their divergent C termini.

CKI phosphorylates Dvl-1, APC, axin, and B-catenin in vitro.
Because CKI binds most strongly to Dvl, the binding of CKI to
Dvl-1 may recruit it to phosphorylate these proteins, each of which
are members of the B-catenin degradation complex. Dvl is a likely
in vivo target of CKI, given that it is hyperphosphorylated in
response to Wnt signaling. Another kinase has recently been
identified that phosphorylates Dvl, PAR-1 (26). PAR-1 is a Wnt-
stimulated kinase that is required for Wnt signal transduction, and
is therefore also a likely regulator of Dvl. However, it has been
shown that the activation of Dvl through hyperphosphorylation may
not be required for Wnt signal transduction (27). The phosphory-
lation of APC, axin, and B-catenin by GSK3p inhibits Wnt signal-
ing. Because CKI activates Wnt signaling, if APC, axin, and/or
B-catenin are in vivo targets of CKI, the sites phosphorylated by
CKI are likely to be distinct from those phosphorylated by GSK3p.
Preliminary data suggest that CKle phosphorylation of B-catenin
increases its affinity for Lef-1 (Z.-H.G. and D.M.V., unpublished
results), suggesting that CKI may also propagate the Wnt signal by
promoting an interaction between B-catenin and Lef-1.
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APC and axin anchor B-catenin and GSK3p in the B-catenin
degradation complex. This complex also contains CKI and
PP2A. In vitro or in vivo inhibition of CKI increases the associ-
ation of endogenous PP2A, GSK3pB, and B-catenin with the
complex, likely increasing GSK3B-dependent B-catenin phos-
phorylation and reducing Wnt signaling. In addition, CKI de-
creases the association of PP2A C and A with the B-catenin
degradation complex. Therefore, complexes that contain both
CKI and PP2A are likely to be transient. These results suggest
that in the absence of CKI activity, the B-catenin degradation
complex contains PP2A, resulting in low B-catenin levels,
whereas in the presence of CKI activity, the complex is desta-
bilized and the Wnt signal is transduced. Moreover, the finding
that in vivo inhibition of CKI stabilizes the B-catenin degradation
complex suggests that CKI actively destabilizes the B-catenin
degradation complex and propagates the Wnt signal in 293 cells.

The relationship between CKI and PP2A in Wnt signaling was
further examined by characterizing their interplay in early Xenopus
development. Epistasis analysis shows that B56 acts downstream of
CKI. The ability of K38A to act synergistically with B56 in reducing
Xwnt-8-induced secondary axes suggests that there is an intimate
mechanistic interaction between CKI and PP2A in Wnt signaling.
Thus, both biochemical and phenotypic observations suggest that
these two enzymes with opposing functions are intimate antagonists
in the regulation of Wnt signaling.

How does CKI propagate the Wnt signal? CKI may mediate
the phosphorylation of specific B-catenin degradation complex
components (e.g., APC, axin, and/or B-catenin) reducing their
affinity for other members of the complex (e.g., PP2A, GSK3p,
and B-catenin), and releasing them from the complex. The loss
of PP2A, a counterregulatory phosphatase, may further enhance
CKI-mediated phosphorylation of complex components, ampli-
fying CKI’s signaling activity. Therefore, the CKI-induced dis-
sociation of the B-catenin degradation complex would reduce
GSK3B-mediated phosphorylation and degradation of B-cate-
nin, and propage of the Wnt signal.
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